ABSTRACT The complete amino acid sequence of the mitochondrial ATPase inhibitor peptide was determined. The molecule contains 84 residues ofwhich 40 are charged amino acids that occur in clusters along the chain. A section of the chain, located at the COOH-terminal end, contains several duplicated regions, the most prominent of which are pentapeptides. This section of the chain also contains all of the five histidines present in the molecule. Some of the physicochemical properties of the protein and an improved purification procedure are described.
The mitochondrial ATPase inhibitor is a small, heat-stable peptide which was first isolated from beef heart mitochondria (1). Similar peptide inhibitors of ATPases have been purified since from rat liver and yeast mitochondria, chloroplasts, and several bacterial species (cf. ref. 2 for a recent review). The peptide inhibits the ATPase activity of the soluble (1) and the membrane-bound (1, 3) mitochondrial ATPase, and under some experimental conditions also blocks ATP-dependent reactions catalyzed by mitochondria (4) (5) (6) . The peptide is considered to be a regulatory component of the ATP-synthesizing complex in mitochondria (1, 4, 7, 8) . Although the inhibitor has attracted considerable interest and attention, little is known about its physical and chemical properties beyond estimations of molecular weight (1, 9, 10) and characterization ofamino acid content (9) (10) (11) (12) . This report presents the complete amino acid sequence ofthe protein and other physical and chemical properties of the molecule. A new and improved procedure for the large-scale preparation of the peptide in high purity also is presented.
EXPERIMENTAL PROCEDURES Preparation of Mitochondria and Submitochondrial Particles. Beef heart mitochondria were isolated as described by Blair (13) with minor modifications. Submitochondrial particles were prepared by utilizing steps 1 and 2 and part of step 3 as described for the preparation of the soluble ATPase (14) . After incubation overnight in 0.1 M sucrose/4 mM ATP/2 mM EDTA, pH 9.3, the particles were centrifuged at 30,000 rpm for 90 min in the no. 30 rotor of a Spinco centrifuge. The sedimented particles were resuspended in 0.1 M sucrose (35 mg of protein per ml) and stored in 0.2-ml aliquots at -70°C. The specific activity of the preparation (2.5 units/mg) was unchanged for at least 1 yr.
Assay of Inhibitor Activity. The. inhibitor content offractions emerging from the purification procedure was determined by measuring the inhibition of the ATPase activity of submitochondrial particles. The procedure is similar to that described previously (3) . Samples of the inhibitor were preincubated at 30TC with submitochondrial particles, Mg2e, and ATP to permit the peptide to bind to the ATPase (3). The incubation mixture contained 0.25 M sucrose (in amounts that brought the final volume to 0.25 ml), 20 mM imidazole (pH 7.1), 5-10 Al of inhibitor preparation, submitochondrial particles containing 0.25-0.3 unit of ATPase activity, and 0.75 mM MgATP. The latter was added in the form ofa 5-/1 aliquot of25 mM MgSO4 25 mM ATP. The ingredients were added in the order indicated to polystyrene test tubes. After 10 min of incubation at 300C, .ATP hydrolysis was initiated by adding 0.75 ml of a solution, prewarmed to 30TC, containing. 50 1mol of Tris S04 (pH 7.7), 4 ,umol of ATP, 4 Jumol of MgSO4, 5 1Lmol of phosphoenolpyruvate, and 32 pzg ofpyruvate kinase. After an additional 10 min of incubation at 30TC, the reaction was stopped by adding 2 ml of sulfuric acid/molybdate solution, and the Pi formed was determined as described (15) . The results were corrected for the amount of Pi in reagents by carrying out incubations without enzyme. The extent of uninhibited hydrolysis was measured in control incubations (minus inhibitor). Titrations in which increasing amounts of inhibitor protein were added to the preincubation mixture were routinely carried out (in duplicate) to establish that the extent ofinhibition was proportional to added inhibitor. Linearity was observed only in the region below 50% inhibition.
To obtain accurate and reproducible measurements ofinhibitor activity, particularly of highly purified preparations, it was essential to dilute the peptide in 20 mM Tris SO4, pH 8/0.2 M Na2SOJd mg ofcytochrome c per ml. Use ofthe diluting buffer and plastic test tubes throughout the procedure resulted in satisfactory assays of highly dilute (0.5-1 pug/ml) solutions of the inhibitor.
Definition of Units and Specific Activity. A unit of ATPase activity is defined as the amount of enzyme that catalyzes the hydrolysis of 1 ,umol ofATP per min under the assay conditions described. A unit of inhibitor activity is defined as the amount of protein required to obtain 50% inhibition of 0.25-0.3 unit of particulate ATPase activity. Specific activity is defined as units per mg of protein.
Other Methods. Unless otherwise indicated, protein concentrations were determined spectrophotometrically (16) after dissolving the samples in formic acid.
Purification of the ATPase Inhibitor Protein. The initial steps in the procedure were as described (1) with the following exceptions. In the present procedure, the alkaline extract was prepared by the rapid addition of sufficient 1 M KOH to raise the pH ofthe mitochondrial suspension to 11.5. In addition, the water suspension of the trichloroacetic acid precipitate was adjusted to pH 11 and then returned to pH 7.4.
The alkaline extract was fractionated through the ammonium sulfate step as described (1) . The ammonium sulfate fractions
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RESULTS AND DISCUSSION Purification. The purification procedure of mitochondrial ATPase inhibitor protein is given in Table 1 .
The new procedure represents an improvement over previous methods (1, 3, 12, 27) in three important respects. First, the yield, based on the inhibitor content ofthe original alkaline extract, is at least-2-fold higher; second, cytochrome c is specifically removed (CM-52 chromatography); and third, the present procedure avoids a heat step. Avoidance ofa heat step would appear to be advantageous because heat treatment of the in- Table 1 ) was dissolved in 10 mM Na phosphate (pH 6.9) to give a final concentration of 3.27 mg/ml, which was determined from the extinction coefficient. The reference cuvette contained buffer alone.
The absorption spectrum was obtained in a Cary model 219 spectrophotometer. The line at the bottom of the spectrum represents the absorbance difference recorded when both cuvettes contained buffer only.
hibitor may result in alterations in the physical properties ofthe peptide (12) . Direct comparison of the specific activity of the final product with that described by others is not possible because of differences in the methods of assay used.
The purity of the inhibitor preparation emerging from the last step of Table 1 was examined by electrophoresis on 10% (wt/vol) NaDodSO4polyacrylamide gels of 10-cm length (28).
The peptide migrated as a single component, just behind the bromphenol blue marker dye, when 60-121 ,ug ofprotein were applied to the gels. Application of considerably more protein to the gels (484 Ag) revealed two faintly staining components that migrated more slowly. Scanning densitometry indicated that the sum of the two minor components accounted for 2% of the total Coomassie blue-staining material in the gels.
It is clear from the UV absorption spectrum of the highly purified inhibitor (Fig. 1) that the protein contains no tryptophan. A previous study ofthe amino acid composition ofthe beef heart inhibitor (9) did not determine tryptophan. The UV absorption spectrum is consistent with the amino acid analyses of Brooks and Senior (9) and ofthis paper, which indicate the presence ofonly one tyrosine residue per molecule. As a result, the fine structure' due to phenylalanine absorption makes a clearly visible contribution to the spectrum. The absorption maximum of the peptide of 276 nm in 10 mM phosphate (pH 6.9) was shifted to 293 nm when the inhibitor was dissolved in 0.1 M NaOH (not shown). As expected, the amplitude of maximum absorption increased 1.4-fold in alkali. Based upon the molar extinction coefficient of tyrosine in 0.1 M NaOH, 2380 M-1 cm (29) , and a molecular weight for the inhibitor of9500, the concentration of the inhibitor preparation used in the experiment of Fig. 1 (3) . The pI of this preparation was 7.7 whether or not the sample was carried through the heat step (3). Amino Acid Sequence. The complete amino acid sequence of the protein is shown in Fig. 2 . The amino acid composition of the intact protein (Table 2) is consistent with the proposed sequence. The proposed sequence was deduced as follows. The intact protein was first submitted to automated Edman degradation with a liquid-phase sequencer, which gave the sequence of44 residues from the NH2 terminus (Fig. 2) . Fifteen peptides were obtained after trypsin digestion. Two free amino acids (Arg and Lys, positions 25 and 76, respectively) and six peptides due to incomplete splitting also were found (T3a, T8a, T9a, T13a, T14a, and Tl5a; see Table 2 ). The amino acid compositions of all tryptic (T) peptides are shown in Table 2 . Their positions from residue 40 were established by studying relevant citraconylated-tryptic (CT) and chymotryptic (CH) peptides. Peptide CT7 (Table 3 ) was subjected to Edman degradation and gave the sequence from residue 38 to 56. The sequence of chy- Table 2 ). motryptic peptide CH8 ( Table 3 ). The amino acid sequence ofthis peptide indicated that it was derived from the COOH terminus and that it corresponded to sequence 67-84.
The peptide inhibitor of beef heart mitochondrial ATPase consists of 84 residues, accounting for a molecular weight of 9578. This value may be compared to a molecular weight of 10,500 determined from electrophoretic analysis of the beef heart peptide in NaDodSOJpolyacrylamide gels (9, 12) and to values of 12,300 (12) and 9600 (27) for the rat liver inhibitor also determined on NaDodSO4 gels. The protein lacks cysteine, proline, methionine, threonine, and tryptophan. Lysine, arginine, glutamic acid, and aspartic acid comprise nearly 50% (35) . It has been proposed that the clusters are involved in the positioning of transmembrane proteins (32) . A section of the protein, located at the COOH-terminal end, contains several duplicated regions (Fig. 3) . The most prominent of these are two pentapeptides in a 12-residue region (positions 58-69) (Fig. 2) . It is noteworthy that all of the five histidines of the molecule are present in the region containing the proposed duplicates. The biological forces that induced these genetic events remain to be defined.
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